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The acclimation of plants to water deficit is the result of many different
physiological and biochemical mechanisms. To gain a better understanding
of drought stress acclimation and tolerance mechanisms in Populus cathayana
Rehder, we carried out an integrated physiological and comparative
proteomic analysis on the drought stress responses of two contrasting
populations originating from wet and dry regions in western China. The
plantlets were subjected to continuous drought stress by withholding soil
water content at 25% of field capacity (FC) for 45 days, while the control
treatments were kept at 100% FC. Drought stress significantly inhibited
plant growth, decreased net photosynthetic rate and stomatal conductance
of leaves, increased the relative electrolyte leakage and malondialdehyde
(MDA) content, and, at the same time, accumulated soluble sugars and free
proline in both populations tested. The population from the dry climate
region exhibited stronger tolerance to drought stress compared with the wet
climate population. The proteomic analyses resulted in the identification of
40 drought-responsive proteins. The functional categories of these proteins
include the regulation of transcription and translation, photosynthesis,
cytoskeleton, secondary metabolism, HSPs/chaperones, redox homeostasis
and defense response. The results suggest that poplars’ tolerance to
drought stress relates to the control of reactive oxygen species (ROS) and
to osmoprotective capacity. The differential regulation of some drought-
responsive proteins, such as HSPs and the enzymes related to redox
homeostasis and regulation of secondary metabolism, plays an important
role in poplars’ tolerance and acclimation to drought stress. In conclusion,
acclimation to water deficit involves changes in cellular metabolism and
the regulation of gene networks. The present study not only provides new
insights into the mechanisms of acclimation and tolerance to drought stress
in different poplar populations but also provides clues for improving poplars’
drought tolerance through breeding or genetic engineering.
Abbreviations – 2-ME, 2-mercaptoethanol; ADH, alcohol dehydrogenase; APX, ascorbate peroxidase; Ci, intercellular
CO2 concentration; DW, dry weight; DTT, dithiothreitol; FC, field capacity; FNR, ferredoxin-NADP reductase; FW, fresh
weight; Gs, stomatal conductance; HY, HanYuan population; HSP, heat shock protein; LD, LeDu population; MDA,
malondialdehyde; NCBInr, National Center for Biotechnology non-redundant; PAL, phenylalanine ammonia-lyase; PMF,
peptide mass fingerprinting; RWC, relative water content; TCA, trichloroacetic acid; TW, turgid weight; WS, water-stressed
treatment; WW, well-watered treatment.
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Introduction
Drought is one of the most important abiotic stress factors
that limit plant growth and ecosystem production around
the world. Acclimation to water deficit is the result of
a series of integrated events, ranging from stress signal
perception and transduction to the regulation of gene
expression and metabolic changes. Upon exposure to
drought stress, plants exhibit a wide range of responses
at the whole plant, cellular and molecular levels (Chaves
et al. 2003). At the whole-plant level, the effect of drought
stress is usually perceived as a decrease in photosynthesis
and growth, which is associated with alterations in
carbon and nitrogen metabolisms (Cornic and Massacci
1996). The reduction in the photosynthetic activity is due
to several coordinated events, such as stomatal closure
and the reduced activity of photosynthetic enzymes
(Chaves et al. 2003, Lawlor and Cornic 2002). Stomatal
closure is probably the most important factor controlling
carbon metabolism, but the relative role of stomatal
limitation on photosynthesis depends on the severity of
water deficit. Under severe stress, photosynthesis may
be controlled more by the chloroplast’s capacity to fix
CO2 (such as Rubisco activity) than by the increased
diffusive resistance (Bota et al. 2004).
Osmotic adjustment has also been considered as one
of the crucial processes in plant adaptation to drought
stress. It involves the synthesis and accumulation of
small compatible solutes (osmolytes), such as proline,
glycine betaine, sugars and some inorganic ions (Bray
1997, Chaves et al. 2003, Hare et al. 1998). These
compounds help the cells to maintain their dehydrated
state and the structural integrity of the membranes so
as to provide resistance against drought and cellular
dehydration (Ramanjulu and Bartels 2002). In addition,
drought stress often leads to the accumulation of reactive
oxygen species (ROS). Excessive ROS production can
cause oxidative stress to the photosynthetic apparatus
and seriously impair the normal function of cells (Foyer
et al. 1994, Niyogi 1999, Smirnoff 1998). In addition
to proteolysis, ROS can damage lipids, terpenoids,
carbohydrates and nucleic acids (Foyer and Noctor
2005, Moller et al. 2007). The enhanced amount of ROS
can be viewed as a threat to the cell, and they can also
act as secondary messengers involved in the stress signal
transduction pathway (Foyer et al. 1994). The capability
of scavenging ROS and reducing their damaging effects
may correlate with the drought tolerance of plants
(Tsugane et al. 1999).
Conventional studies at the transcriptome level have
revealed that the expression of a wide range of genes are
regulated in response to water deficit, including proteins
involved in stress signaling pathways, maintenance
of homeostasis, oxidative stress detoxification, protein
folding, protein degradation, and proteins with a
function not directly related to stress (Ingram and
Bartels 1996). These drought-responsive genes form a
complex network. Proteomics, as a necessary and crucial
complement to the genomic approaches, has proved
to be a powerful tool when analyzing biochemical
pathways and the complex response mechanisms of
plants to various abiotic stresses caused by, e.g. drought
and salt (Ali and Komatsu 2006, Hajheidari et al. 2005,
2007, Salekdeh et al. 2002).
Poplars (Populus spp.) are a diverse and widely
distributed genus, which have been commonly studied
as a model organism to elucidate the biological functions
unique to trees. Poplars are usually known as one of
the most drought-sensitive woody plant groups, but
their drought tolerance varies greatly among species,
populations and clones due to their great genetic
diversity (Monclus et al. 2006, Zhang et al. 2004).
Although many ecophysiological studies have been
performed on the responses of various poplar species
and populations to drought stress (Li et al. 2004, Yin
et al. 2005), the molecular basis of poplars’ drought
tolerance has not been well elucidated, and there is still
little information concerning the correlation between
proteomic variability and drought tolerance among
different poplar populations or provenances. Populus
cathayana, a native species to China, is considered
to be an important reforestation species, and it has
both a high ecological and commercial value (Lu et
al. 2006). In this study, we carried out an integrated
physiological and comparative proteomic analysis on the
drought stress responses of two contrasting P. cathayana
populations, which originate from a wet and dry region
in western China. Our aims were (1) to test the degree of
genotypic variation for drought tolerance by measuring
the physiological and biochemical traits of two different
populations, (2) to improve the understanding of the
molecular mechanism of differential drought tolerance
in different poplar populations and (3) to provide clues
for further dissection of gene functions using genetic and
other approaches, and for improving drought tolerance
through genetic engineering or breeding.
Materials and methods
Plant material and experimental design
Two contrasting populations of P. cathayana from
their natural habitats in HanYuan and LeDu were
selected for the study (Table 1). The mean annual
rainfall in HanYuan and LeDu equals 750 and 335 mm,
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Table 1. The ecological and geographical parameters of two P. cathayana populations. HY, the wet climate population; LD, the dry climate
population.
Annual Mean annual Maximum Minimum Annual solar
rainfall temperature temperature temperature radiation
Population Origin Latitude (◦N) Longitude (◦E) (mm) (◦C) (◦C) (◦C) (MJ m−2)
HY HanYuan 29◦25′ 102◦40′ 750 17.7 33 −5 3 600
LD LeDu 36◦31′ 102◦28′ 335 6.9 38 −20 4 500
respectively. Therefore, the HanYuan population (HY)
and the LeDu population (LD) represent wet and dry
climate populations, respectively. The experiment was
carried out at the Chengdu Institute of Biology, China.
The plantlets of each population were multiplied from
the cuttings collected from a single mother tree in its
native habitat in April, 2007. After vigorously growing
for approximately 1 month, 40 healthy plantlets of
approximately equal height from each population were
selected and replanted into 10-l plastic pots filled with
homogenized soil. During the experiment, a total of 12
g slow release fertilizer (13% N, 10% P, 14% K) was
added to each pot. The plants were grown in a naturally
lit greenhouse under a semi-controlled environment with
a temperature range of 18.0–33.0◦C and a relative
humidity range of 50–80%. Approximate 2-month-
old plantlets were subjected to continuous drought
stress by withholding soil water content. A completely
randomized design with two factors (two populations
and two watering regimes) was applied. The plantlets
of each population were randomly allocated to two
different watering regimes as follows: well-watered
(WW) treatment (maintaining 100% of FC, as control)
and water-stressed (WS) treatment (maintaining 25%
of FC). In the WW treatment, the volumetric soil
water content was kept at 24%, while in the WS
treatment the volumetric soil water content was kept
at approximately 10%. During the experiment, the pots
were weighed every day and then re-watered to the
designated soil water content by replacing the amount
of water transpired. After 45 days of continuous water
stress, a total of 20 cuttings per treatment, including
five replicates of four cuttings in each replicate, were
harvested. The third to fifth fully expanded leaves from
the top were used as material in various physiological,
biochemical and proteomic analyses. The leaf samples
used in the proteomic analyses were stored at −80◦C.
Physiological investigations
Measurements of plant growth and relative water
content of leaves
At the end of the experiment, shoot heights and
basal diameters of all plants were recorded. The fully
expanded leaves were sampled at 10:00 h in the
morning to determine the relative water content (RWC)
of leaves, using the following formula: RWC (%) =
(FW–DW)/(TW–DW) × 100, where FW is the fresh
weight, TW is the turgid weight after rehydrating samples
in darkness for 24 h in vials containing water to allow
full saturation, and DW is the dry weight after oven
-drying samples to constant weight at 85◦C for 24 h.
Determination of malondialdehyde content
and relative electrolyte leakage
Lipid peroxidation was estimated by measuring the
content of malondialdehyde (MDA) in leaves. The MDA
content was determined as described by Hodges et al.
(1999). To get more information on the cell-membrane
damage caused by drought stress, the membrane
permeability of the leaves was measured by electrolyte
leakage. Fifteen freshly cut leaf disks (0.5 cm in
diameter) were rinsed three times with deionized water
to remove surface-adhered electrolytes, then placed in
tubes containing 20 ml of deionized water and incubated
at 25◦C on a shaker. Four hours later, the electrical
conductivity of the bathing solution (C1) was determined
using a conductivity instrument (LC116, Mettler-Toledo
Instruments Co., Ltd, Shanghai, China). Then, the tubes
were incubated in a boiling-water bath (100◦C) for 25
min and subsequently at 25◦C for 1 h, and the total
electrical conductivity (C2) was measured. Ion leakage
was calculated using the following equation: relative
electrolyte leakage (%) = (C1/C2) × 100. Five replicate
measurements were performed for each sample.
Photosynthesis measurements
Leaf net CO2 assimilation rate (Pn), stomatal conduc-
tance (Gs), intercellular CO2 concentration (Ci) and tran-
spiration rate (E) were measured for the third to fifth fully
expanded mature leaves from the top of each replica-
tion per treatment with a portable photosynthesis system
LI-COR 6400 (LI-COR Inc. Lincoln, NE, USA). The mea-
surements were conducted from 10:00 to 12:00 in the
morning within 1 week before harvesting. Throughout
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the assays, the device maintained the following con-
ditions: an artificial light source with an intensity of
1400 μmol m−2 s−1 photosynthetically active radiation
(PAR), leaf temperature of 25–26◦C, CO2 concentration
of 400 μl l−1, air flow rate of 500 μmol s−1, and relative
humidity of 55–60%.
Determination of total soluble sugars and proline
content
Total soluble sugars were extracted and determined
according to the method of Renaut et al. (2005). First,
0.3 g of frozen leaf samples was ground in liquid
nitrogen to a fine powder and extracted with 4 ml
80% ethanol. After centrifugation (10 000 g, 10 min), the
supernatant was collected and evaporated in a vacuum.
The dried residue was resuspended in 5 ml ultrapure
water. Total soluble sugars were spectrophotometrically
estimated using an anthrone-sulphuric acid reagent,
according to the method of Yemm and Willis (1954). The
free proline content was measured by a spectrometric
method according to Bates et al. (1973) using L-proline
as standard.
Extraction and quantification of total leaf protein
Total protein was isolated from fully expanded mature
leaves based upon a two-step procedure combining
the following TCA/acetone precipitation and phenol
extraction according to Wang et al. (2003) with some
modification: (1) Preparation of dry plant tissue power.
Frozen leaf material (approximately 1 g) was pulverized
into fine powder in liquid nitrogen using a mortar
and pestle, and the powder was then resuspended in
a solution of 10% trichloroacetic acid (TCA) in acetone
containing 0.07% 2-mercaptoethanol (2-ME). Proteins
were allowed to precipitate for 1 h at −20◦C, followed
by centrifugation at 15 000 g for 15 min at 4◦C. The
resulting pellet was sequentially rinsed several times
with 10% TCA in acetone containing 0.07% 2-ME until
the pellet was colorless, then washed twice with cold
acetone, and finally twice with cold 80% acetone.
Each time, the pellet was resuspended completely by
vortexing and then centrifuged as above. The final
pellet was dried under vacuum and used for either
phenol extraction of proteins or stored at −80◦C for
further use. (2) Protein extraction. The phenol extraction
of proteins was based on the protocol described by
Hurkman and Tanaka (1986). The dried tissue powder
was completely resuspended in 5 ml of extraction buffer
[0.7 M sucrose, 0.5 M Tris–HCl, pH 7.5, 50 mM EDTA,
0.1 M KCl, 1% w/v polyvinylpyrrolidone (PVP), 2%
v/v 2-mercaptoethanol, and 2 mM PMSF], by vortexing
thoroughly for 30 min at 4◦C. An equal volume of Tris-
HCl saturated phenol (pH 7.8) was added to the protein
suspension. After an additional 15 min of shaking at 4◦C,
the phases were separated by centrifugation (16 000 g
for 30 min at 4◦C). The phenol phase was collected
and re-extracted with an equal volume of extraction
buffer. Proteins were precipitated from the phenol phase
by adding five volumes of 0.1 M ammonium acetate in
methanol and incubated for at least 2 h or overnight
at −20◦C. After centrifuging at 16 000 g for 15 min
(4◦C), the collected protein pellets were washed three
times with cold 0.1 M ammonium acetate in methanol,
and then washed twice with cold 80% acetone. The
final protein pellet was dried under vacuum at 4◦C
and resuspended in 500 μl of solubilization buffer [7 M
urea, 2 M thiourea, 0.4% v/v Triton X-100, 4% w/v
CHAPS, 1% dithiothreitol (DTT), 1% v/v IPG buffer
with pH 4–7) by incubating at room temperature for
1 h. Insoluble matter was removed by centrifugation
for 20 min at 16 000 g. The protein concentration was
determined using the assay of Bradford (1976). The
protein quantification was always performed three times
against the standard curve of bovine serum albumin
(BSA), and the mean concentration was calculated. The
quantified protein samples were stored in aliquots at
−80◦C until analyzed by 2-DE.
2-DE and gel staining
The first-dimensional electrophoresis was performed
using an IPGphor II IEFsystem (Amersham Biosciences,
Uppsala, Sweden) as described by the manufacturer with
some modifications to the rehydration and IEF protocols.
The desired amount of protein (1 mg) was added to a
1.5-ml tube, and the volume was brought up to 350 μl
with rehydration buffer (7 M urea, 2 M thiourea, 1%
w/v CHAPS, 0.4% w/v DTT, 0.5% v/v IPG buffers with
pH 4–7, 0.002% v/v bromophenol blue). The samples
were centrifuged for 15 min at 15 000 g to remove the
remaining insoluble matter, followed by pipetting into
the IPG units. Then, the 18-cm Immobiline DryStrips
(GE Healthcare Bio-Sciences Corp., Piscataway, NJ) with
linear gradient of pH 4–7 were carefully placed onto the
protein samples. The strips were allowed to rehydrate
for 1 h, prior to the addition of mineral oil and then
rehydrated for 12 h at 20 C (6 h rehydration, 6 h with
focusing at 30 V). Focusing was then performed with the
following settings: 100 V for 1 h, 500 V for 1 h, gradient
8000 V for 1 h, step-n-hold 8000 V for 72 000 Vh with
a maximum current setting of 50 μA/strip. Following IEF,
the IPG strips were removed from strip holders, blotted
to remove mineral oil, and immediately equilibrated for
15 min in the equilibration buffer (50 mM Tris–HCl pH
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8.8, 6 M urea, 30% v/v glycerol, 2% w/v SDS, 0.002%
bromophenol blue) supplemented with 1% w/v DTT.
A second equilibration step of 15 min was performed in
the same equilibration buffer with the replacement of
DTT by 2.5% w/v iodoacetamide.
The separation in the second dimension was
performed by SDS-PAGE on a vertical slab acrylamide
gel (12.5% total monomer, with 2.6% crosslinker) using
an Ettan Dalt SIX electrophoresis system (Amersham
Biosciences, Uppsala, Sweden). The IPG strips were
rinsed with SDS running buffer (25 mM Tris, 0.192 M
Gly, and 0.1% w/v SDS), transferred onto lab-cast,
1-mm thick SDS polyacrylamide gels and then sealed
with 0.5% w/v agarose in SDS running buffer. The gels
were run at 2 W per gel for the first 45 min, followed
by 17 W per gel for approximately 5 h at a constant
temperature of 17◦C until the dye front reached the gel
bottom. After SDS-PAGE, the gels were stained with
0.1% Coomassie Brilliant Blue R-250 in 10% acetic acid
and 45% methanol according to the procedure described
by Du et al. (2006). To ensure the reproducibility of the
gels, three to four replicates were performed for each
sample.
Image acquisition and data analysis
Images of stained gels were acquired by the image
scanner (Amersham Biosciences, Uppsala, Sweden) in
a transmission mode. Image analysis was performed
using the MELANIE software version 6.0 (Genbio, Geneva,
Switzerland). All 2-DE images were globally analyzed
by the software, and several key parameters, such as
smooth and saliency, were fixed as constants in the
image analysis so as to have comparable data for the
quantitative analysis. Automatically detected spots were
manually checked, and some of them were manually
added or removed. To compensate for subtle differences
in sample loading, gel staining and destaining, the
abundance of each protein spot was normalized as a
relative volume (the percentage volume, %Vol). After
the software-based analysis, the gel images were further
analyzed manually, especially, the differential spots
on the gels were checked carefully. Only spots with
statistically significance (Student’s t-test, P < 0.05) and
reproducible changes were considered, and the protein
spots with an abundance ratio of at least 2 were selected
as differentially expressed proteins.
Mass spectrometry characterization of proteins
In-gel digestion and MS analysis of differentially
expressed proteins were performed following the pro-
tocol of Zhao et al. (2005). The database searching and
protein identification of the peptide mass fingerprint-
ing (PMF) were performed using the MASCOT program
(Matrix Science, London, UK). The database was set
to ’National Center for Biotechnology non-redundant
(NCBInr)’ (updated on October 19, 2007). The search
was performed taking Viridiplantae (green plants) as tax-
onomy. The other parameters were as follows: enzyme
of trypsin; one missed cleavage; variable modifications
of carbamidomethyl (Cys), oxidation (Met), and pyro-
Glu (N-terminal Glu); peptide tolerance of 0.15 Da;
peptide charge of 1+; and monoisotopic. Protein score
was −10*log (P), where P is the probability that the
observed match is a random event. Only significant
hits, as defined by the MASCOT probability analysis
(P < 0.05), were accepted. To denote a protein with
an unambiguous identification, the sequence coverage
of the mature protein by the matching peptides had
to reach a minimum of 15%, and at least four inde-
pendent peptides had to match. To gain the functional
information about proteins that were identified as hypo-
thetical proteins or as proteins without specific function
in the database, we searched for their homologs with
BLASTP (www.ncbi.nlm.nih.gov/BLAST/) using their pro-
tein sequences as queries.
Statistical analyses
Statistical analyses, unless otherwise mentioned, were
performed with the software statistical package for the
social science (SPSS) version 13.0. Two-way analyses
of variance (ANOVA) were used to test the effects of
drought treatment, populations and their interaction on
physiological and biochemical variables.
Results
Physiological responses induced by drought stress
Drought stress greatly inhibited the plant growth in
both populations, leading to a pronounced reduction
in shoot height and basal stem diameter (Fig. 1A, B).
In the stressed plants, the shoot height decreased by
35.2 and 33.3%, and the basal diameter decreased by
30.2 and 30.0% in the wet and dry climate populations,
respectively, when compared with the controls. The leaf
relative water content of the stressed plants decreased
to 68.8 and 68.7% in the two populations (Fig. 1C).
Thus, the two populations showed similar responses
and experienced similar levels of water deficit. To
quantitatively evaluate the adverse effects of drought
stress on the cell membrane, we performed assays on
the lipid peroxidation and relative electrolyte leakage of
the membrane. The MDA content as well as the relative
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Fig. 1. Shoot height (A), basal diameter (B), the relative water content of leaf (RWC) (C), MDA content (D) and the relative electrolyte leakage (E) in
the cuttings of two contrasting poplar populations. WW, well-watered treatment; WS, water-stressed treatment. HY, the wet climate population;
LD, the dry climate population. The values presented are mean ± SE of three replicates. Values followed by different letters are significantly different
from each other at P < 0.05 according to Duncan’s method. W, the effect of the watering treatment; P, the effect of the population; W × P, the
watering × population interaction effect, as determined by ANOVA.
ion leakage significantly increased in both populations
(Fig. 1D, E).
In both populations, photosynthesis was substantially
affected by drought stress (Fig. 2). The Pn, Gs and Ci
levels significantly declined in the stressed plants, but
the reductions were less in the dry climate population
than in the wet climate population. Drought stress led to
a significant increase in the total soluble sugar content
in both populations (Fig. 3A), but there was an apparent
difference between the two populations. In the dry
climate population, the soluble sugar content increased
by 40.8% under drought stress, while in the wet climate
population the increment of sugar was only 25.9%. Also
proline significantly accumulated under drought in both
populations, but more in the dry climate population
(Fig. 3B).
Analysis of protein expression changes under
drought
To investigate the changes in the protein expression
profiles in the two populations under drought stress,
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Fig. 2. Leaf net CO2 assimilation rate (Pn) (A), stomatal conductance
(Gs) (B) and intercellular CO2 concentration (Ci) (C) in the cuttings of
two contrasting poplar populations. WW, well-watered treatment; WS,
water-stressed treatment. HY, the wet climate population; LD, the dry
climate population. The values presented are means ± SE of three
replicates. Values followed by different letters are significantly different
from each other at P < 0.05 according to Duncan’s method. W, the
effect of the watering treatment; P, the effect of the population; W × P,
the watering × population interaction effect, as determined by ANOVA.
we carried out a 2-DE analysis of total proteins in
poplar leaves from three biological replicates. For each
sample, at least triplicate gels were assessed, and high
reproducibility was found. The representative gels of
the two populations under control and water-stressed
treatments are shown in Fig. 4, and the positions of
differentially expressed spots are marked. For each
assayed sample, more than 900 spots were reproducibly
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Fig. 3. Soluble sugar content (A) and proline content (B) in the cuttings
of two contrasting poplar populations. WW, well-watered treatment;
WS, water-stressed treatment. HY, the wet climate population; LD, the
dry climate population. The values presented are mean ± SE of three
replicates. Values followed by different letters are significantly different
from each other at P < 0.05 according to Duncan’s method. W, the
effect of the watering treatment; P, the effect of the population; W × P,
the watering × population interaction effect, as determined by ANOVA.
detected by MELANIE 6.0 software in Coomassie Brilliant
Blue (CBB)-stained gels with a pH range 4–7 and
molecular weight range 10–110 kDa. The expression
level of most spots did not differ between WW and
droughted plants or between the two populations.
Spots that showed consistent positions on different gels
were considered to be the same proteins. According
to the quantitative image analysis, a total of 59
spots in the two populations showed reproducible and
significant (P < 0.05) changes under drought by more
than twofolds. In the wet climate population (HY), 25
spots were found to be differentially expressed under
drought stress, among which 22 spots were upregulated
and 3 spots were downregulated, while in the dry
climate population (LD), 34 spots were found to be
differentially expressed under drought stress, including
16 upregulated and 18 downregulated ones. Among
these spots, seven proteins were upregulated in both
populations while only one protein (spot 22) was
downregulated in both populations. Surprisingly, one
spot (spot 14) was upregulated in the wet climate
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Fig. 4. Representative 2-DE gels of leaf proteins in two contrasting poplar populations after 45 days of continuous water stress. (A) The control
sample of the wet climate population (HY). (B) The water-stressed sample of the wet climate population (HY). (C) The control sample of the dry
climate population (LD). (D) The water-stressed sample of the dry climate population (LD). The framed regions a, b, c, d, e and f are enlarged in Fig. 5.
population but downregulated in the dry climate
population. In summary, the number of downregulated
proteins was higher in the dry climate population. Six
typical regions containing the differentially expressed
spots are enlarged in Fig. 5, and the changes in individual
protein abundances in the two populations are shown
as ratios of stressed to control plants in Fig. 6. We
classified all detected drought-responsive proteins into
several groups according to their expression pattern in
the two populations (Fig. 6).
Matrix assisted laser desorption ionization
time-of-flight mass spectrometry identification
of proteins affected by drought
In all, 50 protein spots showing changes in expression
were subjected to matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) analysis. Among the tested proteins, 40 (80%)
could be identified by PMF, including 6 proteins
with an unknown function (Table 2). The others were
proteins without a good match due to too few peptides
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(f)
Fig. 5. Examples of changes in protein abundance in the leaves of two contrasting poplar populations under well-watered treatment (control) and
water-stressed treatment. HY, the wet climate population; LD, the dry climate population. Panel letters (a–f) correspond to box letters in Fig. 4.
matched or Mr/pI being out of range. Among the
common proteins that increased in abundance under
drought in both populations, spot 18 was not identified
but the other six proteins were identified as alcohol
dehydrogenase (ADH) (spot 1), disease resistance protein
RPP13 variant (spot 3), heat shock protein (HSP)
17.8 (spot 9), phenylalanine ammonia-lyase (PAL)
(spot 12), HSP 70 (spot 15) and HSP100/ClpB (spot
28). The protein with a reduced abundance under
drought in both populations matched to ferredoxin-
nicotinamide adenine dinucleotide phosphate (NADP)
reductase (FNR) [pannel (e) of Fig. 6, spot 22]. Most
proteins that appeared only in one population were
chaperones/HSPs. It should be mentioned that spot 28
was initially identified as an unnamed protein product.
Through searching against the protein sequences with
the BLASTP procedure, this protein was found highly
homologous to chloroplast HSP100/ClpB (gi|68989120,
91% identity, E = 0.0). BLASTP was also used to gain
the functional information of the other unknown or
hypothetical proteins, but no good result was obtained
because of poor identity with any known proteins.
The identified, differentially expressed proteins could
be classified into several groups according to their
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Fig. 6. Abundance ratios of 51 individual leaf proteins in water-stressed and well-watered plants of the wet climate population (HY) and the dry
climate population (LD) after 45-days treatment. The ratio is expressed as Log2 (abundance in stressed plants/abundance in control plants). Proteins
grouped according to the expression pattern are presented as pannels: (a) upregulated in both populations, (b) only detected in the HY population
and upregulated under stress, (c) upregulated in the HY population but unchanged in the LD population, (d) only detected in the LD population
and upregulated under stress, (e) upregulated in the LD population but unchanged in the HY population, (f) downregulated in both populations,
(g) downregulated in the HY population but unchanged in the LD population, (h) only detected in the HY population and downregulated under
stress, (i) downregulated in the LD population but unchanged in the HY population, (j) upregulated in the HY population but downregulated in the
LD population.
functions. The first group of proteins is involved in
the regulation of gene transcription and translation
(Table 2: spots 14, 16, 40, 45, 46 and 48). The
second group of proteins is related to photosynthesis
and carbon metabolism, including oxygen-evolving
enhancer protein 2, chloroplast precursor (spot 13),
Rubisco large subunit (spots 20 and 34), Rubisco
small subunit (spot 58) and ATP synthase β-subunit
(spot 25). The third group of proteins is associated
with secondary metabolism, such as ADH (spot 1)
and PAL (spots 12 and 54). These proteins were
significantly upregulated under drought in at least
one population. The enzymes involved in the redox
homeostasis constitute the fourth class of proteins,
which contain FNR (spots 22 and 41) and ascorbate
peroxidase (spots 50 and 56). The fifth group of proteins
is composed of HSPs and chaperones with function
in protein folding (spots 8, 9, 10, 15, 17, 19, 21,
26, 28, 29 and 32). Nearly all proteins in this group
were significantly upregulated by drought stress, except
spot 32, which was downregulated in the dry climate
population but did not change expression in the wet
climate population. An additional group comprises
several stress resistance-related proteins (spots 3, 5,
39 and 47). These proteins are frequently found to be
induced under various biotic or abiotic stresses but their
functions are not clear. In addition, one protein (spot
35) related to cytoskeleton was detected to reduce in
abundance under drought in the dry climate population
but was not differentially expressed in the wet climate
population.
Discussion
Physiological responses of two contrasting
populations to water deficit
The responses of plants to drought stress depend on
the species and genotype, the length and severity of
water deficit and the age and stage of development
(Bray 1997). In the present study, we investigated
the responses of two populations of P. cathayana,
originating from the wet and dry climate region, under
a severe drought stress (25% FC). The responses in
the plants’ growth and physiochemical aspects to
drought stress were similar in the two populations
(Fig. 1). Drought stress significantly inhibited growth,
decreased the RWC, net photosynthetic rate and
stomatal conductance of leaves, increased the relative
electrolyte leakage and MDA content, and, at the same
time, induced the accumulation of soluble sugars and
free proline in the plants of both populations tested.
Physiological and biochemical changes at the cellular
level that are associated with drought stress typically
include a reduction in plant growth, inhibition of
photosynthetic activity, accumulation of osmolytes, and
changes in carbohydrate metabolism. A reduction in the
photosynthetic activity is contributed to several factors,
such as stomatal closure, decreased ATP synthesis and
RuBP supply, and the reduced activity of photosynthetic
enzymes (Chaves et al. 2003, Lawlor and Cornic
2002). Concerning photosynthesis, drought significantly
decreased gas exchange parameters, such as Pn and Gs
in both populations (Fig. 2A, B), but the reductions were
less in the dry climate population than in the wet climate
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population, which indicated that the dry climate
population possessed more tolerance and acclimation
to drought. Similar results have been reported also in
many previous studies (Li 2000, Yin et al. 2005). In
general, a reduction in the leaf water content or potential
results in a decline in growth and stomatal conductance.
A significant reduction of Gs was a key factor causing
a decrease in Pn. Compared with Gs, the Ci changed
less (Fig. 2C), which suggests that other limiting factors
besides stomatal closure also affected photosynthesis
in drought-stressed conditions. The decreased Pn level
may also result from other factors, such as the activity
of Rubisco and the availability of ATP, which were
further tested in proteomic analyses as changes in
photosynthesis-related proteins.
With respect to the damage caused by drought to
plants, drought brought considerable damage on the
cellular membranes in both populations, as assessed
by lipid peroxidation and ion leakage (Fig. 1D, E). The
capacity to avoid or repair membrane damage during
dehydration processes is crucial for the maintenance
of membrane integrity. Increases in cellular damage
appeared to reflect impairments in the equilibrium
between the ROS production and antioxidant defence
systems, which also indicated that photoprotection and
antioxidant substances were not sufficient enough to
protect against cell membrane damage caused by ROS.
In addition, the dry climate population showed a lower
MDA content and relative ion leakage than did the wet
climate population when affected by drought. These
results showed that the dry climate population could
control the overproduction of ROS more efficiently than
did the wet climate population.
In this study, the levels of free proline and
soluble sugar significantly increased under drought in
both populations (Fig. 3A, B), which suggests that a
mechanism of osmotic adjustment plays an important
role in the acclimation of poplar plants to drought
stress. Osmotic adjustment has been considered as
one of the crucial mechanisms in plant adaptation to
various stresses, but it varies greatly among genotypes
(Chaves et al. 2003, Morgan 1984) . Soluble sugars and
amino acids (especially proline) are major constituents
of osmoregulation in the expanded leaves of many
species (Morgan 1984). Besides osmotic adjustment,
other possible functions of proline include the protection
of plasma membrane integrity, the prevention of protein
denaturation, being a sink of energy or reducing power,
being a source for carbon and nitrogen, and acting
as a hydroxyl radical scavenger (Bartels and Sunkar
2005, Hare et al. 1998). Sugars have different functions
in plants (from energy storage to signaling), and a
strong correlation between sugar accumulation and
osmotic stress tolerance has been widely reported
(Bartels and Sunkar 2005, Chaves et al. 2003). Our
results also showed that the dry climate population
possesses greater osmoprotective capacity than does
the wet climate population, as indicated by its much
greater accumulation of proline and soluble sugars
under drought. This difference in the osmotic adjustment
between the two populations may be one of the reasons
that cause their different drought tolerances.
After comprehensively analyzing the changes in all
physiological and biochemical variables, we found that
the dry climate population shows more tolerance and
adaptation to drought stress compared with the wet
climate population.
Proteomic considerations
Although the two populations experienced quite simi-
lar levels of water deficit and showed similar growth
and physiological responses to drought, the proteomic
analyses showed that there are evident differences in
their protein patterns (Figs 4 and 5). The present pro-
teomic study identified many drought stress-responsive
proteins, such as alcohol dehydrogenase, phenyalanine
ammonia lyase, molecular chaperones/HSPs and ascor-
bate peroxidase. More important, differential expression
of some drought-responsive proteins might be related
to a different drought tolerance in the two populations.
The identified proteins are involved in several functional
categories.
The regulatory network involved in drought stress
responses
When subjected to adverse environmental factors, such
as cold, salt and drought, plants respond to stress with the
whole regulatory network that is composed of a series of
events involved in stress sensing, signal transduction and
gene expression regulation. In our study, some proteins
involved in these regulation processes were found to be
differentially regulated under stress. Spot 14, identified as
PRLI-interacting factor K, exhibited contrary regulation
under drought in the two populations, with upregulation
in the wet climate population but downregulation in
the dry climate population. This protein is known to be
involved in glucose signaling as a pleiotropic regulator
of glucose and hormone responses (Nemeth et al. 1998).
The result suggests that there is a different acclimation
mechanism in some metabolic aspects in different poplar
genotypes. A glycine-rich RNA binding protein (spot 46)
was significantly upregulated under drought in the dry
climate population, but its expression was not detected
in the wet climate population. It may function in the
Physiol. Plant.136, 2009 163
regulation of specific genes under stress. In addition,
a small mitochondrial 60S ribosomal protein L16 (spot
16) and two ribosomal S3 proteins (spot 45 and spot 48)
were upregulated in the wet and dry climate populations,
respectively. The differential regulation of a large number
of regulatory proteins suggests that there is a complicated
mechanism controlling gene expression and protein
synthesis in response to drought stress.
Photosynthesis
The reduction in photosynthetic activity under drought
stress is due to several coordinated events, such
as stomatal closure and the reduced activity of
photosynthetic enzymes. However, the molecular-level
mechanism is not yet fully understood. In this study,
several proteins associated with photosynthesis were
found to be differentially expressed in the droughted
poplar leaves. A 43 kDa protein (spot 20) that matched
the Rubisco large subunit (rbcL) was downregulated
in the wet climate population but kept stable in the
dry climate population. In contrast, an oxygen-evolving
enhancer protein 2 (spot13) and an ATP synthase beta
subunit (spot 25) were not affected by drought in the dry
climate population but upregulated in the wet climate
population. Another protein (spot 34) with Mr of 53 kDa
was identified as a ribulose bisphosphate carboxylase
large chain precursor, with an unaffected expression
under drought in the wet climate population but with a
sevenfold upregulation in the dry climate population.
In addition, an 18-kDa protein (spot 58), identified
as a Rubisco small subunit, was downregulated by
drought in the dry climate population but did not
change in abundance in the wet climate population.
The photosynthetic downregulation and/or inhibition
under water stress could be explained, at least partly,
by a decrease in the Rubisco subunits and/or activase
protein content. However, contradictory results have
been reported, with some data not fitting well the
photosynthesis inhibition hypothesis (Bogeat-Triboulot
et al. 2007, Inmaculada et al. 2006, Salekdeh et
al. 2002). We think that the increased abundance
of some photosynthesis-related proteins during the
stress treatment may have partly counterbalanced the
decreased internal CO2 concentration, contributing to
the partial maintenance of photosynthesis. Besides, the
different expression patterns of photosynthesis-related
genes may be associated with specific responses among
species and genotypes, and may be related to the
intensity and length of the stress.
Secondary metabolism
The accumulation of secondary metabolites, such as
phenolics, proanthocyanidin and catechin, has been
reported as a sign of an activated defense mechanism
in plants and considered to be important for cell
acclimation against stress (Booker et al. 1996, Rivero
et al. 2001). In the present study, we identified
three proteins associated with secondary metabolism,
including ADH (spot 1) and two PAL proteins (spots
12 and 54). Among these three proteins, spot 1 (ADH)
and spot 12 (PAL) were remarkably accumulated in
both populations under drought stress, while the other
isoform of PAL (spot 54) was upregulated only in the
dry climate population [Fig. 5, pannels (b) and (c)]. PAL,
which catalyzes the deamination of phenylalanine for
the production of cinnamate, is the branch point enzyme
between primary (shikimate pathway) and secondary
(phenylpropanoid) metabolism (Dixon and Paiva 1995).
Phenylpropanoid compounds fulfill many essential
functions related to, e.g. mechanical support (lignins),
being protectants against biotic and abiotic stress
(phenolics and antioxidants), pigments (anthocyanins)
and flavonoids (MacDonald and D’Cunha 2007). Our
result demonstrated that PAL and PAL-related secondary
metabolites might be closely associated with the poplar’s
drought tolerance and acclimation, as indicated by the
significant upregulation of PAL under drought and its
differential accumulation in the two populations. ADH
is an enzyme involved in ethanolic fermentation and it
is essential for plant survival under anaerobic conditions
(Drew 1997). It is also involved in the interconversion of
volatile secondary metabolites, such as aldehydes and
alcohols (Tesniere et al. 2006), and primary (carbon)
metabolism (Sauvage et al. 2007). A large number of
investigations have showed that the expression of the
ADH gene is regulated developmentally and induced
by various environmental stresses, such as anoxia or
hypoxia, low-temperature, osmotic stresses and drought
(Matton et al. 1990, Senthil-Kumar et al. 2007, Tesniere
et al. 2006). The significant upregulation of ADH [spot
1, Fig. 5, pannel (c)] detected in our study under stress
in both populations suggests that this gene plays an
important role in conferring drought tolerance.
HSPs/chaperones
Abiotic stresses usually cause protein dysfunction. In
the protein quality control and function maintenance,
HSPs/chaperones are responsible for protein folding,
assembly, translocation and degradation, playing a
pivotal role in protecting plants against various
abiotic stresses and in the reestablishment of cellular
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homeostasis (Wang et al. 2004, Hajheidari et al. 2005).
In our study, many HSPs/chaperones were found to be
significantly upregulated under drought. These proteins
include two Hsp100/ClpB proteins (spot 28 and spot 29),
three HSP70 proteins (spot 15, 19 and 32) and several
small HSP family members (spot 8, 9, 10, 17, 21 and
26). Among these induced HSPs/chaperones, three HSPs
(spot 9, 15 and 28) were upregulated in both populations,
six HSPs (spot 8, 10, 17, 19, 21 and 26) were expressed in
the wet climate population only, and one HSP (spot 29)
was expressed in the dry climate population only. The
accumulation of a large number of HSPs suggests that
poplars have robust mechanisms for preventing proteins
from denaturing by oxidative damage. In accordance
with our result, Yoshida et al. (2005) observed in a
proteomic analysis on drought/strong light-stressed wild
watermelon leaves that about 40% of the upregulated
proteins were HSPs. Hajheidari et al. (2007) observed
different regulations of several HSPs among wheat
genotypes with different tolerances in response to
drought stress. Our results also indicate that HSPs play
crucial roles in poplar acclimation to drought stress.
Surprisingly, the abundance of one HSP 68 (68 kDa
heat-stress DnaK homolog) [spot 32, Fig. 5, pannel (A)]
significantly decreased in the dry climate population
under water deficit. The downregulation of this protein
in the dry climate population might be associated with
the downregulation of other specific genes/proteins,
because the HSP70/DnaK family members also function
in modulating the expression of downstream genes in
signal transduction pathways both during stress and
under normal growth conditions (Wang et al. 2004).
This result is in accordance with the downregulation of
a large number of proteins observed in the dry climate
population.
Redox homeostasis
Increasing evidence suggests that redox homeostasis is
a metabolic interface between stress perception and
physiological responses (Foyer and Noctor 2005). The
enhanced amount of ROS under stress can be viewed as
a threat for the cell, and they can also act as secondary
messengers involved in the stress signal transduction
pathway (Foyer et al. 1994). Plants can regulate the
ROS level through sophisticated mechanisms, such as
antioxidant enzymes and non-enzymatic antioxidants, to
scavenge them. In our study, several proteins involved
in redox homeostasis were found to be differentially
regulated during poplar acclimation to decreasing water
availability, including two ascorbate peroxidases (spots
50 and 56) and two Ferredoxin-NADP(H) reductases
(spots 22 and 41). Both Spot 50 and spot 56 matched
to ascorbate peroxidases (APXs), but they had different
expression patterns. Spot 56 was not detected in the wet
climate population but it was induced to a high level by
drought in the dry climate population [Fig. 5, pannel
(d)], while spot 50 was significantly downregulated
in the dry climate population but showed unchanged
abundance in the wet climate population. Different
expression patterns of the two APX isoforms under stress
in the dry climate population suggest that they may
be distributed in different cell compartments and play
different roles under stress (Asada 1992). Ferredoxin-
NADP reductase (FNR) catalyzes the reversible electron
transfer between NADP(H) and electron carrier proteins,
such as ferredoxin and flavodoxin. FNR may be one of
the key antioxidant enzymes involved in the free radical
scavenging in plants, and it may play a crucial role in
maintaining the NADPH/NADP(+) homeostasis under
various environmental stresses (Palatnik et al. 1997,
Rodriguez et al. 2007, Valderrama et al. 2006). However,
the specific roles and regulatory mechanisms of FNRs
under stress are not clear. In our study, two proteins
were identified as FNRs: one protein (spot 22) was
downregulated by drought in both populations and the
other protein (spot 41) was found to be downregulated
only in the dry climate population [Fig. 5, pannel (E)].
We presume that the differential regulation of the two
FNR isoforms under stress may be associated with the
maintenance of the NADPH/NADP(+) homeostasis in
different cell compartments. Our results also imply
different responsive mechanisms in the enzymatic
antioxidative system in different poplar genotypes during
acclimation to drought stress.
Defense-responsive proteins
Plant responses to abiotic and biotic stresses often
involve the induced expression of a large number of
disease or pathogenesis-related proteins (PR proteins),
many of which are believed to be crucial components
of the plant’s self-defense mechanism. These proteins
have been found to be induced by various abiotic
stress factors, but their precise function and response
mechanisms are not well known. In our study, several
defense-related proteins, such as truncated disease
resistance protein RPP13 variant (spot 3), disease
resistance-like protein (spot 5), thaumatin-like protein
(spot 39) and defense response protein I2 (spot 47), were
found to be differentially regulated under drought and
they showed different expression patterns in the two
populations. The differential expression of such defense-
related proteins may help to enhance plant acclimation
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under drought and decrease the risk of plant disease and
insect infestation (Ahsan et al. 2007).
In conclusion, the responses of the two contrasting
P. cathayana populations to drought stress were
investigated through integrating protein expression
profiles and assays of some important physiological
and biochemical processes. The results indicate that the
population from the dry climate region possesses greater
tolerance and acclimation to drought stress compared
with the wet climate population. Although drought
resulted in quite similar physiological and biochemical
changes in the two populations, such as inhibition of
plant growth, reduction of photosynthesis, increased
cell damage and accumulation of osmoprotectants,
the proteomic analyses showed that there are obvious
differences in the protein patterns between the two
populations. Our results suggest that poplars’ tolerance
to drought stress is involved in ROS control and
osmoprotective capacity. The differential regulation of
some drought-responsive proteins, such as HSPs and the
enzymes related to redox homeostasis and regulation
of secondary metabolism, also plays important roles
in poplars’ tolerance and acclimation to drought
stress. In addition, the differences in protein patterns
may be related to different drought tolerance in
the two populations. These results demonstrate that
plant acclimation to water deficit involves changes in
cellular metabolism and the regulation of the whole
gene networks. The proteomic approach emphasizes
the complexity of the stress response and provides
new insights into the mechanisms of acclimation and
tolerance to drought stress between different poplar
populations. The present study also provides clues for
improving poplars’ drought tolerance through breeding
or genetic engineering.
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